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Neonatal mice have immature immune systems with defects in several components of inflammatory, innate, and specific
immune responses and develop a preferential T helper type 2 response following immunization with many vaccine antigens.
These studies were undertaken to determine whether 1-day-old neonatal mice immunized with plasmid DNA expressing
influenza A/PR/8/34 hemagglutinin (H1) by either intramuscular (im) or gene gun (gg) inoculation were capable of generating
humoral responses comparable to those in mice immunized as adults. The newborn mice developed stable, long-lived,
protective anti-H1-specific IgG responses similar in titer to those of adult DNA-immunized mice. However, unlike the adult
im and gg DNA immunizations, which develop polarized IgG2a and IgG1 responses, respectively, mice immunized as
neonates developed a variety of IgG1, IgG2a, and mixed IgG1/IgG2a responses regardless of the inoculation method.
Boosting increased but did not change these antibody profiles. In contrast to the DNA immunizations, inoculations of
newborn mice with an A/PR/8/34 viral protein subunit preparation failed to elicit an antibody response. Temporal studies
revealed that both responsiveness to protein vaccination and development of polarized patterns of T help following DNA




























Neonates have an immature immune system with de-
iciencies in several components of inflammatory reac-
ions, innate, and specific immunity (Hunt et al., 1994;
chelonka and Infante, 1998; Trivedi et al., 1997). This
mmaturity is reflected in a T helper type 2 (Th2) bias in
mmune responses to several vaccine preparations.
hese vaccines include inactivated and live attenuated
iral vaccines, live recombinant canarypox vaccines
Barrios et al., 1996a; Siegrest et al., 1998), and peptides
r proteins emulsified in Freund’s complete adjuvant
Singh et al., 1996) or alum (Barrios et al., 1996a). In mice,
h2 patterns of immune responses are characterized by
preferential production of complement-independent
gG1 antibodies with low production of complement-
ependent IgG2a antibodies, whereas T helper type 1
Th1) responses are characterized by production of
gG2a and not IgG1 antibody. Consistent with these iso-
ype profiles, antigen-specific CD41 Th2-type T helper
ells produce IL-4, which supports switching to IgG1 and
gE, while Th1-type T helper cells are characterized by
he generation of IFNg, which supports switching to
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406gG2a. Th2-type responses also have different patterns
f CD81 cytolytic T cell (CTL) activity (Mosmann et al.,
995, 1997). The Th2 bias of the infant immune system
laces young children at a greater risk for developing
evere bacterial and viral infections, which are best
ontrolled by Th1 cell-mediated responses.
It has been well documented that immunization of
dult animals with antigen-expressing plasmid DNAs
aises strong, long-lasting, protective antibody and CTL
esponses (see Donnelly et al., 1997; Robinson et al.,
997; Robinson and Pertmer, 1999). DNA vaccines have
he advantage of allowing protein production to occur
ithin cells, which permits presentation of peptides in
he context of both MHC class I and class II molecules.
or many antigens, the Th bias of DNA-raised responses
eems to be dependent on the method of DNA inocula-
ion. For instance, intramuscular (im) inoculation with
nfluenza A/PR/8/34 nucleoprotein- or hemagglutinin
H1)-expressing DNA in saline produces a strong Th1
ias, whereas gene gun (gg) DNA delivery produces a
trong Th2 bias (Feltquate et al., 1997; Pertmer et al.,
996). In addition, both methods of DNA inoculation in-
uce strong cytolytic T cell activity (Pertmer et al., 1996).
t was therefore of interest to evaluate the efficacy of
NA immunization of newborns and determine the ca-
acity of DNA vaccines to overcome the Th2 bias char-
cteristic of neonatal immune responses.
To date, all but one study utilizing im inoculation of
NAs in young mice have raised humoral and cell-

















































































407NEONATAL DNA AND PROTEIN IMMUNIZATIONS998; Fooks et al., 1996; Hassett et al., 1997; Sarzotti et
l., 1997; Siegrest et al., 1998; Siegrest and Lambert,
997; for exception see Mor et al., 1996). Two groups
Martinez et al., 1997; Wang et al., 1997) showed similar
gG subtypes elicited in adult and newborn DNA-primed
nimals. In contrast, two other groups (Bot et al., 1997;
anickan et al., 1997) showed differences in the pre-
ominant IgG subtypes between adults and neonates,
ith adults generating mainly a Th1 profile and pups
enerating a mixed Th1/Th2 profile.
In this study, we compare im and gg H1-DNA vacci-
ation of 1-day-old and young adult BALB/c mice. H1-
NA-vaccinated mice were also compared with groups
accinated with various doses of an A/PR/8/34 virus
ubunit vaccine in saline. Antibody isotyping was per-
ormed as an indirect measure of Th1- or Th2-type bi-
sed responses (Feltquate et al., 1997). Patterns of hu-
oral responses were also evaluated following a sec-
ndary immunization later in life to determine whether Th
ypes had been fixed by the primary neonatal immuniza-
ion and whether tolerance or anergy had occurred in
onresponders.
RESULTS
mmunization of 1-day-old neonates with H1-DNA, but
ot H1 protein, induces a strong IgG response
Mice immunized at 1 day of age with H1-DNA, but not
1 protein, generated anti-H1 IgG responses similar in
iter to mice immunized as adults (Figs. 1 and 2). Mice
ere given a primary immunization at 1 day or 6 weeks
f age. Intramuscular and gene gun H1-DNA inocula-
ions delivered 50 and 1 mg of H1-DNA, respectively,
hereas more conventional protein immunizations deliv-
red 10, 1, or 0.1 mg of an influenza A/PR/8/34 subunit
accine in saline. Serum samples were collected 4, 10,
nd 22 weeks later for assessment of titer and longevity
f anti-H1-specific IgG responses.
H1-DNA-raised antibody responses were similar in
ice immunized as adults or as neonates (Fig. 1). Four
eeks following the primary immunization, most of the
ice had low to undetectable IgG responses (data not
hown). These responses substantially increased by 10
eeks postprime in both the neonatal and the adult
mmunized groups, revealing overall similar kinetics of
he IgG responses. At 22 weeks postprime, the IgG
esponses remained stable (Fig. 1). The mean postprime
gG titer of mice H1-DNA-immunized as newborns by im
noculation was 24.1 6 19.5 mg/ml (n 5 11) and by gg
elivery was 16.1 6 25.7 mg/ml (n 5 11). Some of the
ice H1-DNA-primed at birth developed very low to
ndetectable levels of IgG (3/11 im and 4/11 gg). The
ean postprime IgG titer in adult H1-DNA-vaccinated
ice was 17.8 6 10.5 mg/ml (n 5 4) and 17.9 6 5.8 mg/ml
n 5 6) for im and gg inoculated mice, respectively.
ifferences in IgG titers between mice primed with H1-NA as newborns and those primed as adults were not
tatistically significant (im P 5 0.57, gg P 5 0.86). Mice
mmunized with the pJW4303 vector DNA containing no
nsert had undetectable anti-H1-specific IgG levels (data
ot shown).
In contrast to the DNA immunizations, neonatal mice
mmunized with an influenza protein subunit vaccine had
o detectable IgG responses (Fig. 2). Adult mice immu-
ized with 10 and 1 mg of the virus subunit vaccine
enerated high levels of anti-influenza-specific IgG, with
0 mg eliciting stronger IgG responses (64.6 6 24.1
g/ml, n 5 5) than 1 mg (18.7 6 13.9 mg/ml, n 5 5). These
esponses persisted for greater than 22 weeks. The
.1-mg dose did not generate IgG responses in mice
rimed either as adults or as newborns.
Secondary H1-DNA or protein immunizations given 22
eeks after priming caused an increase in anti-H1-spe-
ific IgG levels in all animals (Figs. 1 and 2). All mice that
ad responded to the H1-DNA as neonates had boosts
n IgG titers (Fig. 1). The magnitude of these boosts did
ot differ from that in adult-primed animals (im P 5 0.4;
g P 5 0.7). The nonresponding mice H1-DNA primed as
eonates generated low but detectable anti-H1-specific
gG responses 5 weeks following the second H1-DNA
FIG. 1. Anti-H1-specific IgG antibody (Ab) produced after im or gg
1-DNA immunization of 6-week-old or 1-day-old mice. Mice were
mmunized with (A) 50 mg of pJW4303/H1 dissolved in saline by im
noculation or (B) 1 mg of pJW4303/H1 by gg delivery. Primary immu-
izations were given to mice at either 6 weeks or 1 day of age. A
econd equivalent booster immunization was given 22 weeks later.
erum samples were collected at 10 and 22 weeks postprime and 5
eeks postboost and assayed for anti-H1-specific IgG Ab by ELISA.





408 PERTMER AND ROBINSONFIG. 2. Anti-influenza-specific IgG Ab produced after immunization of 6-week-old or 1-day-old mice with various amounts of an A/PR/8/34 virus
ubunit vaccine. Mice were im immunized with (A) 10, (B) 1, or (C) 0.1 mg of an A/PR/8/34 virus protein subunit vaccine preparation in 40 ml of saline.
rimary immunizations were given at either 6 weeks or 1 day of age. A second equivalent booster immunization was given 22 weeks later. Serum
amples were collected at 4 and 10 weeks postprime and 3 weeks postboost. Serum was assayed for anti-influenza-specific IgG Ab responses by























































409NEONATAL DNA AND PROTEIN IMMUNIZATIONSmmunization, indicating tolerization had not occurred.
hese low responses were comparable to those attained
n mice at 4 weeks postprime (data not shown). All of the
reviously nonresponding mice that were primed as ne-
nates with 10 or 1 mg of viral subunit developed post-
oost mean anti-influenza IgG levels that were compa-
able to responses generated in adults following the
rimary immunization (P 5 0.32 and P 5 0.82, respec-
ively). Both nonresponders primed as adults (6/6) and
hose primed as neonates (5/7) with 0.1 mg of subunit
accine also generated low but detectable anti-influenza
gG responses after the booster immunization (Fig. 2).
he postboost mean anti-influenza IgG titer for mice
rimed as adults was 20.2 6 16.6 mg/ml (n 5 6) and for
ice primed as newborns was 5.7 6 3.8 mg/ml (n 5 7).
he difference in titers between the two groups was
ignificant (P , 0.03). This may reflect low-level priming
n the adults following the first immunization.
eonatal H1-DNA immunization elicits a mixed Th
rofile, whereas protein elicits a Th2-biased profile
Mice H1-DNA-immunized as neonates lacked the
trong polarization of IgG profiles observed in mice im-
unized as adults with DNA or protein (Table 1). Sera
T
Isotype Profiles of Mice Immunized at 6 Weeks or 1
Various Amounts of an A/PR/8
Immunization
Age at time of primary
immunization
ntramuscular DNA 6 weeks
1 day
ene gun DNA 6 weeks
1 day
rotein (10 mg) 6 weeks
1 day
rotein (1 mg) 6 weeks
1 day
rotein (0.1 mg) 6 weeks
1 day
a PP, postprime; PB, postboost.
b Mice were immunized and serum was collected as given in Figs. 1
gA, IgM, IgG2b, and IgG3 levels were below the level of detection
redominant isotype over total number of animals observed. IgG1, an Ig
o IgG2a ratio of ,0.5.
c ,, below detection.rom mice im or gg H1-DNA-immunized or protein immu-
ized as pups or adults was further analyzed for anti-H1-
gG2a and -IgG1 profiles. These isotype profiles have
een shown to correlate well with Th1 and Th2 cytokine
rofiles (Feltquate et al., 1997). Mice H1-DNA immunized
s adults generated polarized IgG profiles that were
ependent on the method of inoculation, whereas mice
mmunized as pups did not (Table 1). As expected, at 22
eeks postprime adult mice im DNA-immunized gener-
ted a strong IgG2a (3/4) response and gg DNA-immu-
ized generated a strong IgG1 (6/6) response. The strong
sotype polarization seen in mice H1-DNA-primed as
dults was in contrast to mice that were DNA-primed
ithin 1 day of birth. Mice receiving a primary H1-DNA
mmunization at birth had no apparent pattern of Th bias
egardless of the method used. At 22 weeks postprime,
/9 mice that responded to the neonatal im H1-DNA
mmunization had an IgG1 predominance, 2/9 had a
ixed (1:1) IgG1:IgG2a response, and 2/9 had an IgG2a
ias. It could be argued that the lack of strong IgG2a
redominant responses in these mice is due to the Th2
ias of neonatal mice. However, at 22 weeks postprime,
ice H1-DNA immunized as newborns using the gene
un also failed to show an isotype bias. In the groups of
Age by im or gg Inoculation of H1-DNA or im with





eeks PP — 1/4 3/4
eeks PB — — 4/4
eeks PP 5/9 2/9 2/9
eeks PB 1/9 6/9 2/9
eeks PB 5/6 1/6 —
eeks PB 5/6 1/6 —
eeks PP 1/7 3/7 3/7
eeks PB 3/9 1/9 5/9
eeks PP 5/5 — —
eeks PB 5/5 — —
eeks PP ,c , ,
eeks PB 5/8 3/8 —
eeks PP 5/5 — —
eeks PB 5/5 — —
eeks PP , , ,
eeks PB 7/7 — —
eeks PP , , ,
eeks PB 5/6 — 1/6
eeks PP , , ,
eeks PB 1/1 , ,
Serum was assayed for anti-H1-specific IgG1 and IgG2a Ab by ELISA.
not shown). Data are shown as number of animals with a specific

















































































































410 PERTMER AND ROBINSONesponding mice, 1/7 had an IgG1 predominance, 3/7
ad a mixed response, and 3/7 had an IgG2a predomi-
ance. These data were surprising due to the strong Th2
ias in adult immune responses raised by gene gun DNA
noculations (Feltquate et al., 1997; Pertmer et al., 1996;
obinson and Torres, 1997). Isotype profiles established
n both neonates and adults were maintained at boost in
greement with previous studies that indicate Th cell
ias is maintained once Th1 or Th2 fate has been deter-
ined (Barrios et al., 1996a, 1996b; Feltquate et al., 1997;
ertmer et al., 1996).
All adult mice received either 10 or 1 mg of an A/PR/
/34 protein subunit vaccination generated the expected
gG1 antibody isotype predominance, which remained
table following a boost (Table 1). Although mice primed
s neonates did not generate a detectable primary anti-
ody response, a boost given at 22 weeks of age gen-
rated an IgG1 predominance. Most (5/8) of the neo-
ates that received 10 mg of the viral protein subunit
accine had an IgG1 predominance, whereas a mixed
gG1/IgG2a response was seen in the remaining mice
3/8). In the group that received a 1-mg protein booster
mmunization, an expected IgG1 predominance was ob-
erved in all mice (n 5 5). The difference in the appear-
nce of IgG2a in the 10-mg versus the 1-mg group may
eflect previous findings in which high doses of soluble
rotein elicit Th1-type responses, whereas low doses
enerate Th2-type responses in neonates (Constant and
ottomly, 1997).
gG profile polarization following H1-DNA
mmunization and efficacy of protein subunit
accination are determined by age
Age at the time of vaccination determined both the
attern of IgG profiles following H1-DNA immunization
nd the effectiveness of protein immunization. To exam-
ne the effect of age on the generation of polarized IgG2a
nd IgG1 responses following im and gg DNA inocula-
ion and the responsiveness of young mice to the protein
ubunit vaccine, groups of mice were immunized by im
r gg H1-DNA inoculation or with 10, 1, or 0.1 mg of
rotein subunit in saline at 1, 7, or 14 days of age. Serum
amples were collected 4–6 weeks postprime and as-
ayed for specific IgG, IgG1, and IgG2a by ELISA.
Age at the time of H1-DNA immunization determined
he pattern of IgG profiles (Table 2). As seen previously
Table 1), mice im or gg DNA-immunized at birth gener-
ted a variety of responses, with some having predomi-
antly IgG1, some having predominantly IgG2a, and
ome having approximately equal mixtures of IgG1 and
gG2a isotypes. However, mice immunized at 2 weeks of
ge had the expected polarization of responses with 6/6
f gg immunized mice developing IgG1-biased re-
ponses and 5/5 im immunized mice developing IgG2a-
iased responses.A similar age dependence was observed for the ability
o immunize with 10 or 1 mg of protein subunit (Fig. 3). As
xpected, mice immunized within 1 day of age did not
evelop an IgG response following immunization with 10
r 1 mg of protein, confirming previous data (Fig. 2).
mmunizations performed at 14 days of age with either of
he two doses produced low anti-influenza IgG in 7/10 (10
g) and 5/10 (1 mg) mice. All 6-week-old adult mice
mmunized with protein subunit generated strong anti-
nfluenza IgG responses 4 weeks postprime, with 10 mg
liciting better responses (28.0 6 11.9 mg/ml; n 5 6) than
mg (9.1 6 6.0 mg/ml; n 5 5).
ice H1-DNA-immunized at birth are protected from
/PR/8/34 challenge
Anti-H1-specific IgG responses generated by a single
eonatal im or gg H1-DNA inoculation afforded long-term
rotection from influenza A/PR/8/34 virus challenge (Fig.
). One-day-old and 8-week-old mice were im (25 mg) or
g (1 mg) H1-DNA-immunized to compare the long-term
rotective efficacy of a single immunization. Eight to 9
onths later, mice were assayed for anti-H1-IgG re-
ponses and challenged intranasally (i.n.) with a lethal
ose of influenza A/PR/8/34. One hundred percent of
ice im or gg immunized with the pJW4303 empty vector
NA succumbed to flu infection by 4–6 days postchal-
enge. Survival of adult and neonatal H1-DNA-immunized
ice was dependent on anti-H1-specific IgG prechal-
enge titers. Similar titers of antibody conferred protec-
ion in both groups.
TABLE 2
Isotype Profiles of Mice Immunized at Various Ages
by im or gg Inoculation of H1-DNA
Method of DNA
inoculation




Intramuscular 6 weeks — 1/9 8/9
14 days — — 5/5
7 days — 1/5 4/5
1 day 6/10 4/10 —
Gene gun 6 weeks 12/12 — —
14 days 6/6 — —
7 days 5/9 3/9 1/9
1 day 3/9 2/9 4/9
a Mice of various ages were immunized as given in Fig. 1, and serum
as collected at 4–6 weeks postprime. Serum was assayed for anti-
1-specific IgG1 and IgG2a Ab by ELISA. Isotype profiles were deter-
ined by comparing IgG1:IgG2a ratios of mice with detectable IgG. The
umbers of individual mice that scored IgG1 (ratio .2), IgG2a (ratio
0.5), or Mix (ratio between 0.5 and 2) are shown as a fraction of the
























































411NEONATAL DNA AND PROTEIN IMMUNIZATIONSDISCUSSION
In the present study we show that both intramuscular
mmunization and gene gun immunization of newborn
ice with H1-DNA elicit vigorous, long-lasting, protective
nti-H1-specific IgG responses comparable in titer, but
ifferent in isotype, from those generated in adult H1-
NA-immunized mice. In contrast to the strongly polar-
zed IgG2a and IgG1 responses following adult im and
g DNA inoculations, newborns generated a variety of
gG1, IgG2a, and mixed IgG1/IgG2a responses regard-
ess of the method of DNA inoculation. Also in contrast to
dult immunizations, neonatal mice failed to respond to
arious doses of an A/PR/8/34 subunit vaccine. Respon-
iveness to protein vaccination and development of po-
arized patterns of T help following DNA immunization
ppeared by 2 weeks of age.
Mice DNA-immunized as adults and neonates had
imilar antibody titers but different isotype profiles. Adult
1-DNA immunized mice generated the expected
trongly polarized IgG2a and IgG1 responses following
m and gg inoculation, respectively. Interestingly, both im
nd gg inoculation of neonatal mice generated a variety
f IgG1, IgG2a, and mixed IgG1/IgG2a responses. The
FIG. 3. Anti-influenza-specific IgG Ab produced after immunization of
-day-old, 7-day-old, 14-day-old, or 6-week-old mice with 10 or 1 mg of
n A/PR/8/34 virus subunit vaccine. Mice were im immunized with
ither (A) 10 or (B) 1 mg of an A/PR/8/34 virus protein subunit vaccine
reparation in 40 ml of saline. Immunizations were given at 6 weeks, 14
ays, 7 days, or 1 day of age. Serum was collected at 4 weeks
ostprime and assayed for anti-influenza-specific IgG Ab responses by
LISA. Data are for individual mice.rofiles raised by the prime persisted following the
oost. The combination of both IgG1 and IgG2a re-
ponses following gg DNA immunization was particularly
nexpected. Neonates typically have IgG1 biased re-
ponses following immunization with many types of vac-
ines (Barrios et al., 1996a; Siegrest et al., 1998; Singh et
l., 1996), and gg DNA inoculations typically raise Th2
iased responses in adult animals (Feltquate et al., 1997;
ertmer et al., 1996).
We do not understand the differences in the biases of
he IgG responses that occurred within the same litter
sing identical delivery conditions. Very few APC may be
equired to initiate a response following DNA immuniza-
ion in the neonate. APC and the lymphoid organs are
till undergoing development at birth. Macrophages and
cells, for instance, are known to be deficient in antigen
rocessing and presentation functions including co-
timulation (Lu et al., 1979; Schelonka and Infante, 1998;
rivedi et al., 1997). The various Th types of the DNA-
aised responses may reflect this ongoing development.
he specific APC transfected within a particular neonate
ay be in a different stage of development than the APC
FIG. 4. Correlation of anti-H1-specific IgG levels and protection from
ethal i.n. influenza A/PR/8/34 virus challenge. One-day-old and 8-week-
ld mice were immunized with H1-DNA by im (25 mg) or gg (1 mg). Eight
o 9 months later, mice were challenged i.n. with a lethal dose of
/PR/8/34 and weighed daily. Mice were sacrificed following .20%
oss of prechallenge body weight. Serum was collected and assayed



































































































412 PERTMER AND ROBINSONn a littermate, which may subsequently affect IgG iso-
ype development. In contrast, adults have fully differen-
iated APC and lymphoid organs, which may account for
he highly polarized responses raised in these animals.
Previous studies have shown different dominant Th
ypes elicited by im DNA immunization of neonatal mice.
wo reports show differences in IgG isotype responses
rom mice DNA-immunized as pups or in adulthood. DNA
ncoding the herpes simplex virus gB elicited mainly an
gG2a response in adult-immunized animals and a mixed
gG1/IgG2a response in pooled serum from mice immu-
ized as newborns (Manickan et al., 1997). Likewise,
dult mice immunized with DNA encoding hemagglutinin
rom the WSN strain of influenza gave a predominant
gG2a response, and mice immunized as neonates gave
mixed IgG1/IgG2a response (Bot et al., 1997). These
wo reports parallel the data shown in Tables 1 and 2.
owever, Wang et al. (1997) reported a strong IgG2a
rofile in pooled serum from mice immunized with a
abies virus gp-DNA at 1 day or 6 weeks of age. Martinez
t al. (1997) also showed equivalent IgG subtypes in
ooled serum from mice immunized as adults or pups,
ut subtypes were dependent on the type of antigen
eing encoded by the plasmid DNA. Both measles virus
emagglutinin and Sendai virus nucleoprotein DNAs
enerated IgG2a responses, whereas DNA encoding the
fragment of tetanus toxin elicited a mixed IgG1/IgG2a
rofile. Differences observed in dominant Th profiles in
ifferent experimental models may be antigen-specific
nd/or may reflect the use of pooled vs individual mouse
erum. Importantly, none of the groups showed a con-
istent, predominant IgG1 profile, which indicates that
NA vaccines are capable of circumventing the Th2 bias
licited in newborns with other vaccine antigens (Barrios
t al., 1996a).
Inherent defects in neonatal APC may account for the
ifferences in efficacy of neonatal protein and DNA im-
unizations (Schelonka and Infante, 1998; Trivedi et al.,
997). Studies using soluble pigeon cytochrome show
hat splenic B cells are unable to internalize, process,
nd present the antigen until 10–14 days of age and adult
evels do not occur until 21–28 days of age. Furthermore,
resentation of a pigeon cytochrome peptide, which
oes not require processing, occurs at 50% of adult
evels by 7 days and is at 100% by 14–18 days of age.
hese data also correlate with temporal MHC class II,
CAM-1, and LFA-1 cell surface expression (Hoyer et al.,
992; Morris et al., 1992). This time course supports data
resented in Fig. 3, which shows that HA protein-immu-
ized mice generate low-level IgG responses when im-
unized between 7 and 14 days of age. In contrast to
rotein that must be taken up by cells for presentation,
lasmid DNA can directly transfect APC that are either
esident in or circulating through the target tissue. DNA
accines are also different from protein vaccines in that
he DNA-encoded protein is expressed for relatively longeriods of time (Williams et al., 1991; Wolff et al., 1990; T.
ertmer, unpublished observations). Therefore, the pres-
nce of newly generated antigen at later times in ontog-
ny may circumvent the defects associated with APC at
arlier time points and allow for antigen presentation.
he long-term presence of antigen may also account for
he longevity and stability of the humoral responses
enerated following DNA immunizations.
Our studies reveal neonatal DNA immunizations raise
esponses with different patterns of T cell help in differ-
nt animals. Further studies are needed to understand
he cellular immunology behind this bias and assess




Eight- to 12-week-old BALB/c mice (Harlan Sprague
awley, Indianapolis, IN; Taconic Farms, Tarrytown, NY)
ere bred at the University of Massachusetts Medical
enter Animal Facility (Worcester, MA) or at the Emory
niversity Rollins Animal Facility (Atlanta, GA). Pregnant
emales were separated into individual cages and mon-
tored daily for births. Birth dates were recorded as the
ates the litters were discovered. Pups were weaned
nd sex separated 3–4 weeks of age.
lasmid DNA
Plasmid vector construction and purification proce-
ures have been previously described (Feltquate et al.,
997). In brief, influenza hemagglutinin sequences from
/PR/8/34 (H1N1) were cloned into the pJW4303 eukary-
tic expression vector (pJW4303/H1; also referred to as
1-DNA). The empty pJW4303 vector was used as a
egative control. Plasmids were grown in either DH5a or
B101 Escherichia coli cells and purified using Qiagen
Chatsworth, CA) UltraPure-100 columns.
ubunit vaccine
An influenza A/PR/8/34 (H1N1) subunit vaccine prep-
ration was used as described (Feltquate et al., 1997).
riefly, the surface H1 and neuraminidase (NA) antigens
rom influenza virus particles were extracted using a
onionic detergent (7.5% N-octyl-b-D-thioglucopyrano-
ide). After centrifugation, the H1/NA-rich supernatant
;55% H1) was used as the subunit vaccine. Doses of
0, 1, or 0.1 mg were delivered im in a volume of 0.04 ml
f sterile 0.9% saline.
NA immunizations
Six- to 8-week-old adult mice were anesthetized with
.03–0.04 ml of a mixture of 5 ml ketamine HCl (100
g/ml) and 1 ml xylazine (20 mg/ml). Intramuscular DNA





























































413NEONATAL DNA AND PROTEIN IMMUNIZATIONSaline containing 50 mg of DNA into a surgically exposed
uadriceps muscle (Pertmer et al., 1995). One-day-old
nanesthetized neonatal mice were injected with an
quivalent DNA/saline injection into the gluteus maxi-
us muscle. Surgical exposures were not performed in
he neonatal animals. Gene gun immunizations were
erformed on abdominal skin using the handheld Accell
ene delivery system as described previously (Pertmer
t al., 1995). Adult mice were anesthetized and abdomi-
al skin was shaved with electric clippers. Neonatal
ice were neither anesthetized nor shaved. Both groups
f mice were immunized with a single gene gun dose
ontaining 1 mg of DNA per 0.5 mg of 1-mm gold beads
Bio-Rad, Hercules, CA) at a helium pressure setting of
00 psi. Neonatal gene gun immunization parameters
ere optimized prior to experiments to determine the
roper target location and appropriate psi for bead pen-
tration into the epidermal skin layer (data not shown).
nzyme-linked immunosorbant assay (ELISA)
Standard quantitative ELISAs were performed to as-
ess anti-H1-specific IgG, IgG1, and IgG2a levels in im-
une serum as described elsewhere (Feltquate et al.,
997).
nfluenza A/PR/8/34 virus challenge
Metofane-anesthetized mice were challenged i.n. with
0 ml of influenza A/PR/8/34 (H1N1) virus containing
llantoic fluid diluted 1024 in PBS (50–100 LD50; 0.25
AU). Mice were weighed daily and sacrificed following
20% loss of prechallenge weight. At this dose, 100% of
aive mice succumbed to flu infection by 4–6 days.
tatistical analysis
Student’s t test was calculated using Sigma Plot for
indows version 1.02 (Jandel Scientific, San Rafael, CA).
eans and standard deviations were calculated using
icrosoft Excel 97 SR-1 (Microsoft Corp., Seattle, WA).
robabilities greater than P 5 0.05 were considered
nsignificant.
ACKNOWLEDGMENTS
This study was supported in part by Grant ROI AI 34946 from
IH/NIAID. T.P. was a recipient of National Research Service Award
raining Grant 5 T32 AI07349 from the U.S. Department of Health and
uman Services (University of Massachusetts Medical School). We are
ndebted to Alp Oran and Catherine Madorin for helpful discussion and
ssistance.
REFERENCES
arrios, C., Brawand, P., Berney, M., Brandt, C., Lambert, P.-H., and
Siegrest, C.-A. (1996a). Neonatal and early life immune responses to
various forms of vaccine antigens qualitatively differ from adult re-
sponses: Predominance of a Th2-biased pattern which persists into
adulthood. Eur. J. Immunol. 26, 1489.arrios, C., Brandt, C., Berney, M., Lambert, P.-H., and Siegrest, C.-A.
(1996b). Partial correction of the Th2/Th1 imbalance in neonatal
murine responses to vaccine antigens through selective adjuvant
effects. J. Exp. Med. 183, 1613.
ot, A., Bot, S., Garcia-Sastre, A., and Bona, C. (1996). DNA immuniza-
tion of newborn mice with a plasmid-expressing nucleoprotein of
influenza virus. Viral Immunol. 9, 207.
ot, A., Antohi, S., Bot, S., Garcia-Sastre, A., and Bona, C. (1997).
Induction of humoral and cellular immunity against influenza virus by
immunization of newborn mice with a plasmid bearing a hemagglu-
tinin gene. Int. Immunol. 9, 1641.
utts, C., Zubkoff, I., Robbins, D. S., Cao, S., and Sarzotti, M. (1998). DNA
immunization of infants: Potentials and limitations. Vaccine 16, 1444.
onstant, S. L., and Bottomly, K. (1997). Induction of Th1 and Th2 CD41
T cell responses: The alternative approaches. Annu. Rev. Immunol.
15, 297.
onnelly, J. J., Ulmer, J. B., Shiver, J. W., and Liu, M. A. (1997). DNA
vaccines. Annu. Rev. Immunol. 15, 617.
eltquate, D. M., Heany, S., Webster, R. G., and Robinson, H. L. (1997).
Different T helper cell types and antibody isotypes generated by
saline and gene gun DNA immunization. J. Immunol. 158, 2278.
ooks, A. R., Jeevarajah, D., Warnes, A., Wilkinson, G. W. G., and Clegg,
J. C. S. (1996). Immunization of mice with a plasmid DNA expressing
the measles virus nucleoprotein gene. Viral Immunol. 9, 65.
assett, D. E., Zhang, J., and Whitton, J. L. (1997). Neonatal DNA
immunization with a plasmid encoding an internal viral protein is
effective in the presence of maternal antibodies and protects against
subsequent viral challenge. J. Virol. 71, 7881.
oyer, J. T., Morris, J. F., and Pierce, S. K. (1992). The delayed acquisition
of antigen processing distinguishes immature B cells in adults and
neonates. Ann. N.Y. Acad. Sci. 651, 72.
unt, D. W., Huppertz, H. I., Jiang, H. J., and Petty, R. E. (1994). Studies
of human cord blood dendritic cells: Evidence for functional imma-
turity. Blood 84, 4333.
u, C. Y., Calamai, E. G., and Unanue, E. R. (1979). A defect in antigen-
presenting function of macrophages from neonatal mice. Nature 282,
327.
anickan, E., Yu, Z., and Rouse, B. T. (1997). DNA immunization of
neonates induces immunity despite the presence of maternal anti-
body. J. Clin. Invest. 100, 2371.
artinez, X., Brandt, C., Saddallah, F., Tougna, C., Barrios, C., Wild, F.,
Dougan, G., Lambert, P.-H., and Siegrest, C.-A. (1997). DNA immuni-
zation circumvents deficient induction of T helper type 1 and cyto-
toxic T lymphocyte responses in neonates and during early life. Proc.
Natl. Acad. Sci. USA 94, 8726.
or, G., Yamshchikov, G., Sedegah, M., Takeno, M., Wang, R.,
Houghten, R., Hoffman, S., and Klinman, D. (1996). Induction of
neonatal tolerance by plasmid DNA vaccination of mice. J. Clin.
Invest. 98, 2700.
orris, J. F., Hoyer, J. T., and Pierce, S. K. (1992). Antigen presentation
for T cell interleukin-2 secretion is a late acquisition of neonatal B
cells. Eur. J. Immunol. 22, 2923.
osmann, T. R., Sad, S., Krishan, L., Wegmann, T. G., Guilbert, L. J., and
Belosevic, M. (1995). Differentiation of subsets of CD41 and CD81 T
cells. Ciba Found. Symp. 195, 42.
osmann, T. R., Li, L., Hengartner, H., Kagi, D., Fu, W., and Sad, S.
(1997). Differentiation and functions of T cell subsets. Ciba Found.
Symp. 204, 148.
ertmer, T. M., Eisenbraun, M. D., McCabe, D., Prayaga, S. K., Fuller,
D. H., and Haynes, J. R. (1995). Gene-gun-based nucleic immuniza-
tion: Elicitation of humoral and cytotoxic T lymphocyte responses
following epidermal delivery of nanogram quantities of DNA. Vaccine
13, 1427.
ertmer, T. M., Roberts, T. R., and Haynes, J. R. (1996). Influenza
nucleoprotein-specific immunoglobulin G subclass and cytokine re-
sponses elicited by DNA vaccination are dependent on the route of












414 PERTMER AND ROBINSONidge, J. P., Fuchs, E. J., and Matzinger, P. (1996). Neonatal tolerance
revisited: Turning on newborn T cells with dendritic cells. Science
271, 1723.
obinson, H. L., Ginsberg, H. S., Davis, H. L., Johnston, S. A., and Liu,
M. A. (1997). “The Scientific Future of DNA for immunization,” A
Colloquium Report of the American Academy of Microbiology, Wash-
ington, DC. [http://www.asmusa.org/acasrc/acal.htm]
obinson, H. L., and Pertmer, T. M. (1999). DNA vaccines for viral
infections: Basic studies and applications. Adv. Virus Res., in press.
arzotti, M., Dean, T. A., Remington, M. P., Ly, C. D., Furth, P. A., and
Robbins, D. S. (1997). Induction of cytotoxic T cell responses in
newborn mice by DNA immunization. Vaccine 15, 795.
chelonka, R. L., and Infante, A. J. (1998). Neonatal immunology. Semin.
Perinatol. 22, 2.
iegrest, C.-A., and Lambert, P.-H. (1997). Immunization with DNA
vaccine in early life: Advantages and limitations as compared to
conventional vaccines. Springer Sem. Immunopathol. 19, 233.
iegrest, C.-A., Saddallah, F., Tougne, C., Martinez, X., Kovarik, J., and
Lambert, P.-H. (1998). Induction of neonatal TH1 and CTL responsesby live viral vaccines: A role for replication patterns with antigen
presenting cells? Vaccine 16, 1473.
ingh, R. R., Hahn, B. H., and Sercarz, E. E. (1996). Neonatal peptide
exposure can prime T cells and, upon subsequent immunization,
induce their immune deviation: Implications for antibody vs. T cell-
mediated autoimmunity. J. Exp. Med. 183, 1613.
rivedi, H. N., Hayglass, K. T., Gangur, V., Allardice, J. G., Embree, J. E.,
and Plummer, F. A. (1997). Analysis of neonatal T cell and antigen
presenting functions. Hum. Immunol. 57, 69.
ang, Y., Xiang, Z., Pasquini, S., and Ertl, H. C. J. (1997). Immune
response to genetic immunization. Virol. 228, 278.
illiams, R. S., Johnston, S. A., Riedy, M., Devit, M. J., McElligott, S. G.,
and Sanford, J. C. (1991). Introduction of foreign genes into tissues of
living mice by DNA-coated microprojectiles. Proc. Natl. Acad. Sci.
USA 88, 2726.
olff, J. A., Malone, R. W., Williams, P., Chong, W., Acsadi, G., Jani, A.,
and Felgner, P. L. (1990). Direct gene transfer into mouse muscle in
vivo. Science 247, 1465.
